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Electron microprobe analysis of intracellular elements in the rat
kidney. The concentrations of intracellular elements were deter-
mined by electron microprobe analysis in the nucleus and cyto-
plasm of freeze-dried cryosections of superficial proximal and
distal tubules of the rat kidney. For the nucleus of the proximal
tubular cell, the concentrations of sodium and chloride were 20
and 23 mmoles/kg of wet wt, and those of potassium and phos-
phorus were 144 and 150 mmoles/kg wet wt. For the nucleus of
the distal tubular cell, the concentrations of sodium and chloride
were significantly lower (II and 13 mmoles/kg wet wt), that of
potassium was unchanged (143 mmoles), and that of phosphorus
was significantly higher (175 mmoles). Towards the basolateral
infoldings of the proximal and distal tubules and the brush border
of the proximal tubules, the concentrations of sodium and chlo-
ride were higher and those of potassium and phosphorus were
lower than those obtained in the nucleus, indicating the presence
of extracellular compartments in these regions. Measurements
performed in the centrally located cytoplasm of proximal and
distal tubular cells, close to the nucleus, showed sodium and po-
tassium concentrations to be indistinguishable from those in the
nucleus, whereas chloride and phosphorus concentrations were
considerably higher. These data demonstrate differences in the
intracellular concentrations of phosphorus, sodium, and chloride
between proximal and distal tubular cells. In neither the proxi-
mal nor the distal tubular cells, however, could a concentration
difference for sodium and potassium between nucleus and cyto-
plasm be determined.
Analyse par Ia microscopie electronique des éléments intra-
cellulaires du rein de rat. Les concentrations des éléments intra-
cellulaires ont été déterminées dans le noyau et le cytoplasme de
tubes proximaux et distaux superficiels de rein de rat, sur des
coupes lyophilisées, au moyen de Ia microsonde électronique.
Dans le noyau des cellules tubulaires proximales les concentra-
tions du sodium et du chlore sont de 20 et 23 et celles de potas-
sium et phosphorus de 144 et 150 mmoles/kg de poids humide.
Dans le noyau des cellules de tube distal les concentrations de
sodium et chlorure sont significativement plus basses (11 Ct 13
mmoles) celle de potassium est semblable (143 mmoles) et celle
de P significativement plus ëlevée (175 mmoles/kg poids hu-
mide). Au voisinage des invaginations basolatCrales des tubes
proximaux et distaux, de même qu'au voisinage de Ia bordure en
brosse du tube proximal, les concentrations de sodium et chlo-
rure sont plus élevées et celles de potassium et phosphorus plus
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basses que celles observées dans le noyau, ce qui indique Ia pré-
sence de compartiments extracellulaires dans ces regions. Ces
mesures réalisées dans le cytoplasme a localisation centrale des
cellules tubulaires proximale et distale, près du noyau, montrent
des concentrations de sodium et potassium semblables a celles
du noyau, alors que les concentrations de chlorure et phosphorus
sont beaucoup plus élevCes. Ces observations dCmontrent des
differences dans les concentrations intracellulaires de phos-
phorus, sodium, et chlorure entre les cellules proximales et dis-
tales. Cependant il n'est observe de difference de concentration
de sodium et potassium entre noyau et cytoplasme ni dans les
cellules proximales, ni dans les cellules distales.
The cells of the mammalian nephron transport
considerable quantities of fluid and electrolytes.
Any analysis of the cellular mechanisms involved in
such transport processes requires precise informa-
tion regarding the intracellular electrolyte composi-
tion. Although much effort has been invested into
determining electrolyte concentrations within renal
cortical cells, the chemical methods most common-
ly used may involve errors in the determination of
the extracellular space [1, 2], particularly when this
space is poorly accessible to extracellular marker
substances. Furthermore, these methods can only
supply the average element concentrations of all the
cells within the renal tissue. The active transport
mechanisms, permeability properties, and enzyme
content of the cells vary along the length of the tu-
bule [3], so that various segments of the nephron
are specialized for particular types of transport.
Consequently, it may be anticipated that cells with
both differing morphologic and transport character-
istics display individualities also in their pattern of
intracellular electrolyte composition.
Data of intracellular potassium [4-7] and chloride
[8] activities, as measured by ion-sensitive elec-
trodes in single cells accessible from the surface of
the kidney, are scarce and difficult to interpret. The
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previous use of electron microprobe analysis for de-
termination of electrolyte concentrations in renal
tissue has been performed on tissue blocks or rela-
tively thick tissue slices (7 es), entailing that both
extracellular and intracellular compartments are ex-
cited simultaneously [9—12]. The present method of
electron microprobe analysis on l-L-thick freeze-
dried cryosections supplies a means for determining
the electrolyte concentrations within individual,
morphologically identified cells or even subcellular
structures and thus allows quantitative examination
of intracellular concentrations in biological tissue
composed of different cell types. As an initial at-
tempt to determine and to compare the intracellular
concentrations in different cell types, electron mi-
croprobe analysis was used to measure the concen-
trations of electrolytes in the cytoplasm and nucleus
of proximal and distal tubular cells of the rat kidney.
Methods
Preparation of the animals. The experiments were
performed on male Sprague-Dawley rats that
weighed between 190 and 290 g. They were fed a
standard diet (Altromin) and tap water. Anesthesia
was induced by the i.p. injection of mactin (Pro-
monta); (100 to 120 mglkg body wt). The trachea,
right jugular vein, and right femoral artery were
cannulated with polyethylene catheters. The left
kidney was exposed through a flank incision,
placed dorsal surface uppermost into a plastic
(Lucite1M) cup, and the capsule freed of adherent
fat and connective tissue. The renal pelvis was cath-
eterized from the ureter with a polyethylene can-
nula. Body temperature was maintained at 37° to
38° C by means of a warming plate built into the
operation table, and the exposed kidney surface
was protected from cooling and dessication by
dropping on to it paraffin oil, warmed to 38° C.
The GFR was assessed by determining the clear-
ance of 3H-inulin, administered at a concentration
of 1 jsCi/ml in isotonic saline as a priming dose of
0.2 to 0.3 mlJlOO g body wt and a constant infusion
of 0.3 to 0.5 mllhr/l00 g body wt. Ureteral urine was
collected for 30-mm intervals, the rate of flow was
determined by weighing, and a blood sample was
obtained from the femoral arterial catheter in the
middle of the urine collection period. The activities
of 3H-inulin in urine and plasma were determined,
with a well-type scintillation counter (Beckmann),
from 20-id samples suspended in Aquasol (Nuclear
Chemicals). The determination of renal function re-
vealed the average filtration rate to be 0.39 0.03
ml/minll0O g body wt, the mean rate of urine flow to
be 0.84 0.14 pJ/min/l00 g body wt, and the urine-
to-plasma 311-inulin concentration ratio to be 627
165 (means SEM, N = 9), values which are typical
for normal, hydropoenic function.
Preparation of the tissue for analysis. Immediate-
ly prior to shock-freezing, the dorsal surface of the
kidney was covered with a layer of albumin Ring-
er's solution, between 10- and 20-p thick, to serve
as an internal standard for the quantification proce-
dure. This standard solution consisted of 20% bo-
vine albumin dissolved in a Ringer's solution and
contained, respectively, 145, 118, and 4.5 mmoles/
kg wet wt of sodium, chloride, and potassium. The
kidney was removed for shock-freezing by tight-
ening a previously positioned snare around the re-
nal hilus, cutting through the vessels distal to the
tie, and plunging the kidney into propane cooled
with liquid nitrogen to about — 180° C. The time that
elapsed between tying the snare and dropping the
kidney into the cooled propane was 3.2 (sEM) 0.3
sec (N = 9). The frozen kidneys were then trans-
ferred into liquid nitrogen and broken into pieces,
by fracturing with a precooled scalpel. Small pieces
of the superficial regions and adherent albumin lay-
er were mounted in a specimen holder and cut into
sections l- thick at —90° C in a cryomicrotome
(Reichert OmU 2). The frozen sections were picked
up from the back of the steel knife, sandwiched be-
tween two formvar films and freeze-dried for 12 to
18 hours at —80° C and 106 Ton. The preparation
of the freeze-dried cryosections has been described
in detail previously [13].
X-ray microanalysis. The analysis was performed
in a scanning electron microscope (Cambridge S4)
at an acceleration voltage of 15 kV and a probe cur-
rent of 0.5 nAmp. The X-rays emitted were ana-
lyzed with an energy dispersive detector (Link) in
the energy range between 0.6 and 4 keV, which cov-
ers the K-lines of those elements with an atomic
number between 11 (sodium) and 20 (calcium).
The quantification of the elemental concentra-
tions was achieved by comparing the characteristic
radiations obtained from the cells with those of the
standard albumin layer. Further details of the mea-
suring conditions and the quantification procedure
have been reported elsewhere [13, 14]. The analysis
of the freeze-dried sections was performed by scan-
ning areas of about I for a period of 100 sec.
Measurements were made repeatedly in the albu-
min standard layer of each section and in the nuclei
of proximal and distal tubular cells. Only those nu-
clei, which could be identified in both the previous
and the following serial sections, were selected for
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Fig. 1. Scanning trans,nission electron micrograph showing a freeze-dried cryosection of a rat kidney and two energy dispersive X-ray
spectra, one from the albumin standard layer (upper spectrum) and one from the nucleus o.f a proximal tubular cell (lower spectrum).
Abbreviations are: prox, proximal tubule; dist, distal tubule; albumin, standard albumin Ringer's solution.
analysis. This guaranteed that the sections at the
site of analysis were composed only of nuclear ma-
terial and that no cytoplasmic material was simulta-
neously excited. In addition, in some sections, the
electrolyte concentrations were also determined in
the varying regions across the cell, extending from
the apical border to the basal region. The cellular
dry weight was calculated by comparing the white
radiation (Bremsstrahlungl) obtained from the tissue
with that of the standard.
Evaluation of the data. The values of intracellular
electrolyte concentrations are expressed as milli-
moles per kilogram of wet weight and are presented
as the means SEM, with the number of observa-
tions in parenthesis. The Student's t test for un-
paired data was applied to determine whether dif-
ferences in the mean attained statistical signifi-
cance. Differences were considered to be
statistically significant when the two-tailed proba-
bility did not exceed 0.05.
Results
A scanning transmission electron micrograph of a
freeze-dried cryosection of renal tissue showing the
adherent albumin layer and two energy dispersive
X-ray spectra obtained in the standard albumin lay-
er (upper spectrum) and proximal tubular nucleus
(lower spectrum) are illustrated in Fig. 1. The ex-
tensive microvilli region of the cells of the proximal
tubules served as the main criterion to distinguish
between proximal and distal tubules. Furthermore,
the distal tubule is characterized by a thinner wall
and a lighter appearing cytoplasm. Compared to the
X-ray spectrum of the standard albumin layer, with
extracellular electrolyte composition, that obtained
from the nucleus shows smaller peaks for sodium
and chloride and larger peaks for phosphorus and
potassium, typical of an intracellular electrolyte
composition.
Figure 2 shows a scanning transmission electron
micrograph of a proximal tubule at higher magnifi-
cation, together with two spectra obtained in the
tubular lumen (A) and from an electron-dense par-
ticle attached to the brush border region (B). The
inhomogeneous appearance of the nucleus is caused
by the formation of ice crystals of about 0.5 j. or
less in diameter. The spectrum obtained from the
tubular lumen (A) shows almost no characteristic
peaks, and background radiation results from the
excitation of the formvar films. In contrast, spec-
trum B is characterized by high sodium and chloride
peaks, demonstrating the presence of sodium chlo-
ride crystals at that site.
The results of 15 measurements made in the nu-
cleus and in various positions of the proximal tubu-
lar cells of five kidneys are shown in Fig. 3A. The
measuring positions were selected so that position 1
was close to the basal membrane, position 4 was
immediately adjacent to the brush border, positions
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Fig. 2. Scanning transmission electron micrograph showing a detail of a proximal tubule and two X-ray spectra, one obtained from an
electron transparent area in the tubular lumen (A) and one from an electron dense particle attached to the brush border region (B). Note
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Fig. 3. Concentrations of phosphorus, potassium, chloride, and sodium, given as mean SEM, obtained in the different regions of 15
proximal (A) and 8 distal (B) tubular cells, which are indicated in the accompanying sketches. Those values in the proximal tubular cells
that are statistically different from those obtained in position 3 and those values in the distal tubular cells which differ from those
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and positions 5 and 6 were at the base and apical
border of the microvilli, respectively. Analyses in
positions 5 and 6 do not include measurements of
sodium chloride crystals. The highest concentra-
tions of phosphorus and potassium (177.8 6.7 and
135.9 4.5 mmoles/kg wet wt, respectively) and
the lowest concentrations of sodium and chloride
(22.4 1.4 and 33.1 2.3 mmoles/kg wet wt, re-
spectively) were measured close to the nucleus, in
position 3, where the dry wt was 33.0 1.3 g/lOOg.
From this position, the concentrations of phos-
phorus and potassium showed a continuous decline
both in the direction of the basement membrane,
and in the direction of the microvilli. In position 1,
the values of phosphorus and potassium were de-
creased to 142.1 6.1 and 112.8 4.3 mmoles/kg
4p •I
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wet wt, respectively, and in position 6, they had
fallen to 94.2 7.4 and 82.6 5.1. In contrast, the
concentrations of sodium and chloride both in-
creased steadily in the direction of the basement
membrane and microvilli. In position 1, the values
for sodium and chloride were increased to 57.1
4.2 and 53.5 mmoles/kg wet wt, and in position
6 had risen to 81.1 8.8 and 79.8 7.1 mmoles/kg
wet wt, respectively. Within the nucleus, the elec-
trolyte concentrations were 145.2 5.4 for phos-
phorus, 139.5 4.5 for potassium, 20.2 1.2 for
sodium, 20.9 1.7 mmoles/kg wet wt for chloride,
and the dry wt was 23.1 0.8 g/l00 g.
The corresponding results of eight measurements
performed in the nucleus and the various regions in
the distal tubular cells of five kidneys are depicted
in Fig. 3B. The measuring positions were chosen so
that position 1 was adjacent to the basal membrane,
position 4 was close to the luminal membrane, and
positions 2 and 3 divided equally the space between
them. The lowest concentrations for phosphorus
and potassium (162.7 5.4 and 107.8 5.2 mmoles/
kg wet wt, respectively) and the highest concentra-
tions of sodium and chloride (46.2 6.9 and 37.7
2.9 mmoles/kg wet wt, respectively) were found in
position 1. The concentrations for phosphorus and
potassium showed a continuous increase towards
the luminal membrane, attaining 201.0 12.8 for
phosphorus and 142.3 7.4 mmoles/kg wet wt for
potassium, at position 4, whereas those for sodium
and chloride displayed a continuous fall, reaching
12.5 1.0 and 16.9 1.3 mmoles/kg wet wt, re-
spectively, at position 4, where the dry wt was 27.8
1.4 g'lOO g. Within the nucleus, the values were
180.6 8.2 for phosphorus, 138.7 7.5 for potas-
sium, 10.7 1.1 for sodium and 11.3 1.5mmoles/
kg wet wt for chloride, and the dry wt was 22.1
1.4 g/100 g.
The mean concentrations for phosphorus, potas-
sium, sodium, and chloride and the dry weights of
the nucleus of proximal and distal tubular cells ob-
tained from all 264 measurements, together with
the lowest and highest mean values found among
the nine analyzed kidneys, are summarized in
Table 1. The sodium and chloride concentra-
tions found in the proximal tubular nuclei were
significantly higher than those of the distal tubule,
by 8.2 and 10.3 mmoles/kg wet wt, respectively.
This difference between proximal and distal tubu-
lar sodium and chloride concentrations was in-
variably observed in each individual kidney. In
contrast, the intracellular potassium concentra-
tions in both tubular segments were indistinguish-
able. The phosphorus concentration was signifi-
cantly higher in the distal than in the proximal tubu-
lar nuclei by 25.7 mmoles/kg wet wt. The dry wt
was significantly lower in the distal than in the
proximal tubular cells by 1.7 g/100 g.
Discussion
The preparation of biological soft tissue by
shock-freezing, cryosectioning, and freeze-drying is
necessary to preserve the in vivo distribution of wa-
ter soluble elements. Freezing leads, however, to
ice crystal formation, with increasing structural dis-
tortions in deeper regions of the tissue [13]. In the
present investigation, we confined our determina-
tions to the two most superficial tubular layers,
which displayed no gross morphologic aberration
and showed no variation in cellular electrolyte
composition. As described previously [15], the
freeze-drying process leads to gross dislocations of
the electrolytes that were originally dissolved in the
tubular fluid, and small crystals exhibiting high
sodium and chloride peaks were observed frequent-
ly both in the lumina and attached to the brush bor-
der region. Hence, the quantification of intraluminal
elements in terms of wet weight concentrations can-
not be undertaken. There is no evidence for contam-
Table!. Nuclear element concentrations of sodium, chloride, phosphorus, and potassium and dry weight of proximal and distal tubular
cells
Sodium Chloride Phosphorus Potassium
Dry weight
g/IOO g,nmoles/kg wet weight
Proximal tubule (N = 191) 19.6 0.4 22.8 0.7 149.5 1.6 144.4 2.0 23.2 0.3










Distal tubule (N = 73) 11.4 08 12.5 11h 175.2 34h 143.3 2.8 21.5 0.4"










Values are the means SEM. The number of measurements is given in parentheses.
Statistically different from corresponding values of proximal tubules
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ination of nuclei by luminal elements, because mea-
surements in serial sections revealed identical re-
sults. As chemical fixation, embedding, or staining
procedures were not used for tissue preparation, the
different cells could be identified only by their shape
and size. Proximal tubular cells, which because of
their superficial nature belong to groups S1 and S2
[16, 17], could be easily distinguished from those of
the distal tubule or perhaps the occasional cortical
collecting tubule [18], and permitted striking dif-
ferences in sodium and chloride concentrations be-
tween the two regions of the nephron to be found.
No systematic differences, however, within either
the proximal or the distal tubular cells were observed.
A general problem encountered when attempting
to determine the electrolyte concentrations within
renal tubular cells by electron probe microanalysis
results from the interdigitation of extracellular and
intracellular compartments in the basal portion of
the cell and at the apical region of the proximal
tubular cell. Thus, with scanning areas of 1 js2, it
must be anticipated that both extracellular and in-
tracellular compartments are excited concurrently
in these regions. Because sodium and chloride are
almost invariably present in higher concentrations
outside the cell than within, and the opposite is the
case for phosphorus and potassium, the varying
concentration profiles obtained in the different re-
gions of the cell must reflect the degree to which the
intracellular or extracellular compartment is repre-
sented in the scanning area. Therefore, the data ob-
tained from those measuring positions where the
lowest sodium and chloride and the highest phos-
phorus and potassium concentrations were ob-
tained—position 3 for the proximal and position 4 for
the distal tubular cells—would seem to best ap-
proach the true cytoplasmic values. This inter-
pretation is confirmed by morphologic studies,
which demonstrate that little extracellular space is
present in these areas [19, 20]. That the proximal
tubule had the lowest sodium and chloride and the
highest potassium and phosphorus concentrations
measured in position 3 and not, in contrast to the
distal tubule, in position 4, may be explained by
some residual excitation originating from between
the microvilli or some contribution from apical vesi-
des. Measurements in these vesicles have con-
firmed their electrolyte composition to be pre-
dominantly extraceliular, but a quantification of the
concentration of elements was not attempted, be-
cause the lack of matrix material is bound to result
in a significant dislocation of electrolytes during the
freeze-drying procedure.
Comparison of the "cytoplasmic concentrations"
obtained from position 3 in the proximal and posi-
tion 4 in the distal tubule with the corresponding
values measured in the nucleus reveals them to be
almost identical for sodium and potassium. The
cytoplasmic values for sodium are marginally high-
er than those of the nucleus by 2 mmole s/kg wet wt
or 10% in the proximal or 20% in the distal tubule,
whereas the values for potassium are in-
distinguishable between cytoplasm and nucleus.
This finding agrees well with data obtained from
amphibian epithelia, such as frog skin and toad uri-
nary bladder, with electron microprobe analysis [1,
2]. The nuclear membrane appears, therefore, not
to represent an effective barrier to the movement of
sodium and potassium, so that the cellular space
can be regarded as a single distributional space with
respect to these ions. Considerable differences ex-
ist, however, in the chloride concentration between
the nucleus and cytoplasm. In the proximal and dis-
tal tubular cells, the chloride concentration of the
cytoplasm exceeds that of the nucleus by about
50%. No explanation for this finding, which con-
trasts with the uniform cellular distribution of so-
dium and potassium, can be given at this time. For
phosphorus, which can be regarded as mainly struc-
turally bound, the cytoplasmic concentration in
both proximal and distal tubular cells, is about 25
mmole/kg wet wt higher than it is in the nucleus.
Assuming that the phosphorus and potassium con-
centrations obtained from position 3 in the proximal
and position 4 in the distal tubule are representative
for the whole of the cytoplasm, we can use the dif-
ferences in phosphorus or potassium concentra-
tions between these values and those obtained in
any other position to estimate the contribution of
the extracellular space in this region of the cell.
Taking the concentrations of phosphorus and potas-
sium in the extracellular fluid to be 2 and 5 m, re-
spectively, we can calculate the following values: In
both the proximal and distal tubules in the most bas-
al part of the labyrinth (position 1), the extracellular
space amounts to 20%; more centrally, but still in
the labyrinth (position 2), 8%; at the base of the
brush border of the proximal tubule (position 5),
31%; and apically (position 6), 44%.
The values for the sum of sodium and potassium
in the different measuring positions, although not
statistically different from one another, were some-
what higher in the most basal part of the cell by
about 10 mmoles/kg wet wt. This slightly larger value
may be explained by some shrinkage in this region
during tissue preparation or by an increased ele-
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ment concentration in either the intracellular or ex-
tracellular compartment. A raised electrolyte con-
centration in this part of the cell may be explained
by an increased cation concentration in the cyto-
plasm, consisting mainly of mitochondria in this re-
gion, or in the basolateral infoldings, as predicted
by current theories to explain isotonic volume reab-
sorption [21, 22].
Compared to the cellular electrolyte concentra-
tions of mammalian kidney determined by chemical
methods [23—291, electron microprobe analysis sup-
plied lower values for sodium and higher values for
potassium. This discrepancy cannot be attributed to
artifacts occurring during the specimen preparation,
because a redistribution of electrolytes during
freezing, cryosectioning, or freeze-drying would
lead to higher values for sodium and lower values
for potassium. Corresponding differences were
found when analyzing amphibian epithelia by chem-
ical methods and electron microprobe analysis [1,
2]. There is evidence to suggest that when chemical
methods are used, an underestimation of the extra-
cellular space with extracellular markers is respon-
sible for the higher intracellular sodium and lower
potassium concentrations calculated [1, 2]. Such an
underestimation of the extracellular volume may al-
so explain the higher sodium and lower potassium
values obtained for the renal cortex, when esti-
mated using chemical methods. In addition to the
difficulties associated with estimating the size of the
extracellular space, it may be called into question
whether the intracellular electrolyte concentrations
prevailing in tissue slices are representative of those
in vivo. It has been suggested that many cells, as a
result of injury, are unable to maintain their normal
intracellular electrolyte composition [30].
Because electron microprobe analysis provides
information regarding the total concentrations,
these values are not directly comparable with elec-
trolyte activities, as obtained by ion-sensitive elec-
trodes. The potassium activity in the proximal tu-
bule has been determined previously to be only 39
mmoles/liter [6] and more recently to be 82 mmoles/
liter [4]. Any comparison between these data and
the present results is hampered by the uncertainty
of the cellular activity coefficient. Measurements of
the chloride activity in distal tubular cells, however,
have revealed values which exceed those of the
present determination by a factor of 2 [8], and, if
correct, would require a severe restriction of the
distributional space for chloride in order to be com-
patible with the present findings.
It might be assumed generally that the electrolyte
pattern within a cell is largely determined by the
transport properties of the cellular membranes and
by the composition of the extracellular environ-
ment. It is well known that the distal and proximal
tubular cells differ in respect to both transport prop-
erties and the tubular fluid composition. It, there-
fore, seems plausible that the electrolyte composi-
tion of a distal tubular cell differs from that of a
proximal tubular cell. In the present investigation,
the most striking differences were found in the so-
dium and chloride concentrations, both being signif-
icantly lower in the distal than in the proximal tubu-
lar cells. Although no explanation for this variation
can be supplied, it seems likely that it reflects dif-
ferences between the function of the proximal and
distal tubules.
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